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Abstract 
Striving for sustainability, most industrialised countries make increasing use of renewable energy sources to meet their energy demands. This 
causes power generation to become more decentralised and volatile, making flexibility in production (i.e. energy demand) a fundamental 
necessity for manufacturing companies. Hence, it is to be expected that companies which attain a symbiosis of renewable energy applications, 
efficient technologies, and innovative approaches to production organisation will have a competitive advantage in the future. The EU funds 
research in this direction as part of the REEMAIN project, amongst others. In particular, a concept for Resource Networks is developed. These 
networks aim to manage production using renewable energy sources by dividing a complex factory into smaller subsystems including energy 
suppliers and consumers, as well as storages to reach this symbiosis. This paper explains the concept and its application within Fraunhofer 
IWU’s E³-Research Factory. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction 
In 2007 the leaders of the EU member states decided on 
ambitious aims to increase their sustainability by proclaiming 
the so called 20-20-20 targets [1]. Their objective is to reduce 
the EU’s emission of greenhouse gases by 20 % compared to 
the level of 1990, to raise the share of renewable resources 
used for the production of the EU’s energy to 20 %, and to 
improve the EU’s energy efficiency by 20 % until 2020. This 
commitment was enacted in 2009 as the “2020 climate and 
energy package” and prompts all member states to work 
towards a competitive near-to-zero-emission economy. 
According to Eurostat, 14.1 % of the gross final energy 
consumption of the EU in 2012 has been procured from 
regenerative energy sources compared to only 10.0 % in 2007 
[2]. Extrapolating this figure until 2020 based on the statistics 
between 2009 and 2012, this share will increase to approx. 
19.97 %. Taking Germany’s changes to its Renewable Energy 
Law [3], economic difficulties in southern Europe, and a 
growing saturation of the renewable energy market into 
consideration, it is increasingly important to find novel 
approaches for maintaining the growth of this share. In 
parallel, solutions for ensuring maximum productivity in 
manufacturing companies despite increasingly decentralised 
and volatile energy generation have to be found. 
The European Commission funds activities in this field of 
research as part of the FP7 programme. In particular, the 
FoF.NMP.2013-1 call asked for demonstration and research 
projects aimed at improving the resource efficiency on a 
factory level [4]. In response, the REEMAIN project will 
develop and demonstrate new solutions for resource efficient 
production which strive for a symbiosis of renewable energy 
applications, efficient technologies, and innovative approaches 
to production organisation [5]. Its core technologies are solar 
thermal concentration, electricity battery storages, and factory 
simulation, supplemented by the novel concept of Resource 
Networks which aim to seamlessly integrate volatile energy 
sources. All solutions of REEMAIN will be demonstrated in 
the food, textile, and steel production industries. This paper 
discusses the basics of the Resource Networks, how they will 
help to attain the aforementioned symbiosis, and their 
application in Fraunhofer IWU’s E³-Research Factory.  
5 . This is an open access article under the CC BY-NC-ND license 
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2. Resource Networks: a concept for decentralised 
resource management 
The integration of renewable energy into the factory 
environment raises difficult questions regarding the use of 
energy. Such renewable energy sources are versatile and 
usually insufficient to cover the entire energy demand of a 
factory at all times. Their supply profiles can rarely be 
predicted correctly and they seldom conform to the demand 
profiles. In general, there is a time offset between the 
production and the consumption of energy.  
As of 2013, approx. 39.6 % of the installed power capacity 
in the EU stems from renewable energy sources [6]. This is a 
considerably larger share than the share of renewable energy 
in the gross final energy consumption (14.1 % in 2012 [2]). 
Hence, one of the most important problems to be solved is the 
storage problem [7]. Although this necessity is well known 
and many researchers are examining and developing new 
solutions, many of these are still not suitable for extensive 
industrial application. Multi storage systems are an approach 
intended to solve this issue [8]. They shall allow for the 
optimal integration of renewable sources which makes them 
another focus for activities by academics and companies (e.g. 
[9]). This work aims to find solutions for structuring, 
dimensioning, and controlling multiple volatile energy 
sources utilising storages. 
Most research up until now neglected the fact that the 
energy supply systems always interact with the demand side. 
However, making use of the levers provided by the consumers 
may enhance the flexibility of hybrid supply systems. 
Demand response is an approach which takes this possibility 
into consideration [10]. The basic principle is that a system 
for load management may shut down or turn on energy drains 
(machines) depending on the highest Economic Value Added.  
Using this approach, factories can act as drains for surplus 
energy in the grid or reduce their own load on the grid in 
times of high demand, and get paid for it by the grid operator. 
The Smart Grid is one of the few integrative approaches, 
which makes use of combined supply and demand side 
management [11,12].  Its goal is to ensure the availability of 
energy by monitoring and controlling sources, storages, and 
consumers (drains) on a regional or trans-regional level. 
Smart Grids can be broken down into Micro Grids. The latter 
act as autonomous entities and are localised groups of energy 
generation units, storages, and consumers. They are connected 
to local grids but can also operate autarkic. 
The idea of Micro Grids initiated the Resource Networks 
concept, which provides guidance on how to describe and 
control decentralised subsystems within factories. It allows 
for breaking down the complex problem of managing energy 
optimally for an entire factory into smaller, easier problems. 
Resource Networks consist of different pieces of equipment 
and facilities (elements) which can be characterised using 
substitute models (subsection 2.1). Each of these is an 
autarkic subsystem of the factory which provides the operator 
with flexibility on different levels (subsection 2.2). Hence, not 
only planning but also control strategies can be used to 
optimise the operation of these networks and to retain the 
production efficiency of the whole factory (subsection 2.3). 
2.1. Elements of Resource Networks 
In order to effectively implement the idea of Resource 
Networks, coping with the complexity of reality is a prime 
concern. The definition and utilisation of substitute models 
describing the most important attributes of the actual 
equipment, facilities, etc. is an established approach to solve 
this issue [13-16]. Accordingly, the Resource Networks 
concept makes use of models for the description of its 
elements. These are derived from the various flows which can 
be observed in a production environment. Following Schenk 
et al. [17] these are the flow of material, energy, information, 
personnel, and capital. The latter, however, is disregarded 
hereafter as costs and profits/value-creation always need to be 
contemplated, regardless of the introduction of the Resource 
Networks concept. Fig. 1 depicts an overview of the most 
important elements subsumed in these flow categories along 
with exemplary features used in corresponding substitute 
models as part of the Resource Networks concept. 
It should be noted that these categories focus only on 
certain aspects of a production environment, similar to the 
different views of ARIS [18]. Hence, adequate descriptions of 
actual work systems require a combination of these substitute 
models. For instance, a machine tool can be modelled as a 
combination of a piece of production equipment, an energy 
source, and a set of energy data. This division of information 
is intentional as the Resource Networks concept aims to 
simplify large, complex problems into multiple smaller 
problems. This will be elaborated in subsection 2.3. 
The material flow and associated elements are concerned 
with all equipment and facilities which directly (e.g. machine 
tools) or indirectly (e.g. tool supply systems) advance the 
finalisation of products or realise logistics tasks between 
individual production steps (e.g. buffers or fork lifts).  
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Fig. 1. Elements of the various flows in a production environment. 
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Thus, all descriptive features focus on aspects that influence 
the progress of production. 
Considering the flow of energy, there are basically only 
sources (e.g. water boiler) and drains (e.g. machine tools), 
combinations thereof (e.g. air compressors using electricity to 
provide compressed air), and storages (e.g. fly wheel 
storages). This disregards the factory internal supply networks 
which are expected to be optimised technically to complement 
the Resource Networks concept. The substitute models used 
in this category are meant to describe the input and output of 
all production, logistics, and infrastructure equipment 
concerning all types of energy in all situations. 
Personnel are just as important for a production operation. 
The corresponding substitute models aim to describe workers 
who interact directly with the material flow or are responsible 
for mandatory maintenance tasks. Their description is a 
requirement for planning the deployment of the labour force. 
In order to effectively plan and control a production site, a 
multitude of data providing information on the jobs to be 
finished, the products to be produced, etc. has to be taken into 
account. Accordingly, the models of information elements 
define the most important specifics which are necessary for 
the Resource Networks concept.  
2.2. Degrees of flexibility  
Organising the elements of a factory making use of the 
Resource Networks concept provides plant designers and 
managers with new opportunities to reach a higher level of 
renewable energy integration. The degree of flexibility of 
each network is related to different levels of energy supply 
and consumption, i.e. the supply level, the production level, 
and the infrastructure level. This is depicted in Fig. 2.  
Keeping in mind that most renewable energy sources have 
a specific, non-static energy supply profile, all energy sources 
in a factory need to be planned carefully and possibly 
implemented redundantly so they can (partly) substitute each 
other. While this imposes certain restrictions on production 
control tasks, it also allows for flexible control on the energy 
supply level of a Resource Network. More precisely, it 
becomes possible to decide which source should be used at 
which time and for how long. In terms of factory planning, 
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Fig. 2. Levels of flexibility in a factory. 
this means that the dimensioning of the energy supply needs 
to be oversized to enable ad-hoc shifting between energy 
sources in case the availability of renewable energy changes 
or economic aspects advocate it. In light of the resulting 
energy supply mix of the production system, the most 
important criteria must be full availability of energy whenever 
needed for production tasks. Moreover, the production output 
should never decrease due to a lack of supplied energy. 
Nevertheless, the Resource Networks concept also 
incorporates flexibility on the demand side which may shift 
the energy demand whenever the supply side is not able to 
cope.  
Idle times of equipment and facilities can be found in any 
factory during its operation. They are usually caused by 
breaks in the shift or job schedule, or by maintenance. During 
this time machines are running on full power in most 
companies but do not produce anything. The Resource 
Networks concept tries to improve upon this on the 
production level of flexibility by implementing intelligent 
management routines for the material and information flows.  
For this purpose, advanced equipment control solutions (e.g. 
eniMES [19]) are used to exert control over the operating 
states of system elements and, thus, the material flow. These 
are used to realise adjustments to the results of conventional 
production planning and control (PPC) for deploying 
equipment and personnel according to the availability of 
renewable energy sources. Through this influence on the 
demand side, buffer times and material buffers can be used to 
“store energy in products” by producing in advance of the job 
schedule or to reduce the system’s overall consumption by 
delaying work tasks while maintaining high productivity. 
Another suitable lever for influencing the demand side can 
be found on the infrastructure level which is concerned with 
realising the supply of process media, such as compressed air, 
chilled water, hot water etc. While these media are required 
anyway, storing most of them is reasonably easy. Hence, 
temporarily shutting down their suppliers provides 
opportunities for reducing the actual energy demand of a 
Resource Network. Similarly, excess energy can be used to 
prospectively generate these media for later use. Additional 
storages can be implemented on this level to increase the 
attainable flexibility. Energy recuperation systems may also 
be employed to make use of excess energy which is usually 
emitted into the environment without any further use (e.g. 
heat loss). This allows for making links between unused 
energy sources and existing drains. Depending on the mode of 
operation and the quantity of available and required energy of 
both, it may be possible to replace or downsize existing 
supply equipment (e.g. hot water boiler).  
2.3. Realising decentralised factory operation  
To break down a complex problem into multiple smaller 
problems, the first step of the here-described concept is to 
define suitable Resource Networks in a factory using the 
substitute models introduced in subsection 2.1. These may 
overlap wherever suitable to ensure that each network is 
functional by itself. This is an important aspect, considering 
that a cogeneration unit, for instance, might provide electricity 
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to one set of equipment while providing heat for another one. 
Fig. 3 exemplifies how a simplified production system can be 
broken down into three Resource Networks (RN1-RN3). All 
of the latter include the electricity grid which does not 
necessarily mean that it will be relied on at all times but might 
just as well act as a fall back for unforeseeable situations. 
Individual elements of the regarded production system are 
described using multiple substitute models to include all their 
important features. However, the networks are defined with 
no consideration of the flow categories and, thus, should 
include all the categories from Fig. 1 with the possible 
exception of personnel. Furthermore, all input data required 
for completely describing the various elements needs to be 
acquired and made available for later processing. A suitable 
solution would be a linked data representation, such as 
described as part of the “Linked Factory” concept [20]. 
Once this step has been completed, the gathered 
information can be used to plan the introduction of new 
renewable energy sources or to devise mechanisms which 
help to control the networks in a way they cope with the 
volatile energy supply. The earlier possibility is concerned 
with making use of hitherto wasted energy emissions, e.g. use 
excess heat for pre-heating boiler water, or substituting 
conventional with renewable energy sources, e.g. use 
geothermal cooling instead of electrically powered 
refrigeration. Solutions, which are planned once and need no 
further control mechanisms, can be considered static as they 
do not require any further flexibility. 
More dynamic strategies can be applied throughout the 
different levels a Resource Network covers. A prime example 
is the possibility to dynamically shifting between different 
energy suppliers on the supply side. For this purpose, the 
supply profiles of the corresponding energy sources elements 
have to be analysed. Due to the fact, that the overarching 
objective is the integration of renewable energies, the profile 
of one such renewable source will pose as the basis for 
decision making. It has to be compared to the aggregated 
profile of all consumers of the network in order to identify  
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Fig. 3. Exemplary Resource Networks in a simplified production system. 
shortages. These can then be remedied by selectively shifting 
to other sources which are less dependent on external 
influences like the weather or by making use of available 
energy storage equipment. 
This strategy can also be reversed by adjusting the 
production process, i.e. the material flow, in order to change 
the overall consumption profile. Again, the profiles of all 
energy drains and sources elements within the network will 
have to be aggregated in order to identify discrepancies. The 
resulting information is used to determine which load should 
be moved, i.e. which machines should operate at another time. 
Possible solutions for shifting demand, which will not 
diminish the output of the Resource Network, may be found 
through the analysis of the material flow elements along with 
other information flow elements (e.g. job data). This is 
possible if buffer times exist in the job schedule or material 
buffers exist between individual work systems in the factory. 
Once a feasible alternative has been found, the personnel 
deployment may need to be checked, too. 
These explanations show that the flexibility on the 
production level is associated with a considerable complexity 
despite a step-by-step solution process. Infrastructure can 
prove somewhat simpler as it does not immediately influence 
the value creation of a production system. Accordingly, the 
process for the infrastructure level identifies discrepancies 
between the demand and supply profiles (see above) and 
selects elements (combined drains and sources) which may 
cease operation for some time making use of installed 
storages (e.g. for compressed air). Thus, load can be moved to 
a time where surplus energy is available to produce process 
media in advance or to lower the overall demand. 
The above approaches may also be combined, if both the 
supply and demand side should be manipulated. This requires 
a more complex, iterative solution process which identifies 
discrepancies and determines adjustments to the management 
of energy sources, the flow of production, and the deployment 
of personnel. Naturally, all flows in a production environment 
have to be observed to generate feasible solutions. 
3. Application in the E³-Research Factory 
The previous section explained the fundamentals of the 
Resource Networks concept on a theoretical basis. A more 
practical view on the idea is presented in the following 
subsections which detail Fraunhofer IWU’s E³-Research 
Factory and an application of the concept therein. 
3.1. E³-Production and E³-Research Factory 
Based on the idea to shift the dictum of production from 
“maximize profits with minimal expenditure of capital” 
towards “maximize value with minimal input of resources”, 
the E³ approach has been developed to seek for sustainability 
in production. A primary goal is to turn energy and resource 
efficiency into a competitive advantage for industrial 
companies. The three E governing this concept are: E1 energy 
and resource efficiency, E2 emission-neutral factory, and E3 
embedding people into manufacturing processes. Following 
the principles of this E³ approach, the president of the 
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Fraunhofer Society, Prof. Reimund Neugebauer, has 
introduced a “Lighthouse Project” (budget over 9.6 Mio. €) 
addressing these future-oriented research questions. The goal 
of the project is to develop new solutions for the factories of 
the future driven by the synergy of the three pillars. With this 
in mind, twelve Fraunhofer Institutes (from ICT, Mechanical 
Engineering, etc.) will cooperate in four sites during the next 
three years to demonstrate the practicability of the results. 
Fraunhofer IWU’s E³-Research Factory “Resource-
efficient Production” is one of these sites. It has been built for 
demonstration purposes as well as other research related to the 
three E³ pillars and was completed only recently. The focus 
during its conception was the implementation of the latest 
technical innovations, cutting-edge engineering processes, as 
well as the application of resource efficient factory planning 
and design. One of its biggest strengths is the close 
cooperation with industrial partners which has been agreed 
upon for its operation. Fraunhofer IWU and the associated 
companies will cooperate in the fields “Powertrain”, “Car 
Body Construction,” and “Energy Management 2.0” to study 
and test new solutions for sustainable manufacturing. 
The E³-Research Factory is equipped with facilities and 
machinery to advance the design of ultra-short process chains, 
notably for powertrain applications. Furthermore, a replica of 
a car body assembly line for car doors has been installed in 
close cooperation with a consortium of industrial partners 
which is similar to those used in actual car factories. 
Electricity, compressed air, heating, cooling, as well as other 
process media can be procured from a variety of sources. In 
particular, a cogeneration unit, an absorption chiller, and 
photovoltaic panels have already been installed and other 
assets for generating renewable energy, such as vertical axis 
wind turbines, are planned. Energy storage opportunities exist 
by means of thermal activation of building components or will 
be implemented (e.g. electrochemical storages, fly wheel, 
etc.) in the future. All consumption of energy and other media 
is metered online, providing a high level of transparency.  
This measured data is among others used to develop novel 
approaches to energy management (“Energy Management 
2.0”). A main feature of these approaches is the incorporation 
of intelligent production systems or “cyber physical 
production systems” which are able to control themselves and 
to communicate with each other. This enables on-demand 
operation of equipment, facilities, and infrastructure as well as 
intelligent load-levelling and peak shaving. In combination 
with energy forecasts and the afore-mentioned generation and 
storage facilities, factories will not only be able to save energy 
but also – especially in times of an increasing volatility of the 
energy markets – to realise additional revenues. Factories will 
transform from an energy consumer into an active player on 
the energy markets.  
Fig. 4 depicts the energy supply concept of the E³-Research 
Factory which is the basis for these studies. The left side 
depicts the sources and storage systems which jointly provide 
the drains (right side) with energy and other media. In order to 
increase the scale of possible studies, real machinery (grey) 
may be complemented by virtual machines (wire frame) using 
simulation tools. Energy data is collected from all of these and 
will be used for energy and production management. 
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Fig. 4. Energy supply concept of the E³-Research Factory [21]. 
Given the above features, the E³-Research Factory provides 
a perfect test site to validate the proficiency of findings from 
the REEMAIN project for industrial applications, providing 
both machinery and data for practical trials. Exemplary 
scenarios for the validation of the Resource Networks concept 
within it are elaborated in the following subsection.  
3.2. Resource Networks in the E³-Research Factory 
The research presented in this paper is in an early stage. 
Hence, the Resource Networks presented hereafter have been 
conceived for the purpose of showcasing a practical 
application of the concept. However, they are not necessarily 
identical to those used later on in the REEMAIN project. 
Considering the major fields of research within the E³-
Research Factory, three simplified (i.e. not entirely autarkic to 
simplify the following explanations) Resource Networks (RN) 
have been defined. One (RN A) consists of the car body 
assembly line, the cogeneration unit, the grid connection, and 
the air compressor. Another one (RN B) is made up of 
multiple machines associated with the “Powertrain” research, 
the photovoltaic panels, the cogeneration unit, and the air 
compressor. The third network (RN C) includes the office 
area, the cogeneration unit, the photovoltaic panels, the 
district heating connection, and the grid connection. 
Due to the fact that the factory is only used for research 
purposes production is not going on constantly. Hence, certain 
requirements for the flow of material will need to be 
postulated when investigating the flexibility of the individual 
networks. RN A, for instance, would work around the clock in 
a real factory. Accordingly, there is little or no possibility to 
influence the material flow but the supply side may be 
influenced to use the cogeneration unit when it is turned on. 
This, however, is only feasible, if RN B also has to rely on it, 
i.e. when the photovoltaic panels cannot provide sufficient 
energy. During such time RN C may procure the electricity 
and warmth from the cogeneration unit, too. 
Another scenario can be construed starting with RN B 
which is similar to, albeit smaller than the machine park of an 
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SME make-to-order manufacturer. Individual machines are 
not linked directly but separated by buffers and usually their 
capacity is above the actual need. This renders manipulations 
of the material flow possible. In particular, production may be 
accelerated whenever the photovoltaic panels produce more 
energy than RN B and RN C would otherwise consume. This 
is only possible, if sufficient raw material, buffer space, jobs, 
and personnel are available, all of which need to be checked. 
However, in case the panels produce less than required, 
flexibility in either the production or the infrastructure level 
can be used to remedy this discrepancy. The earlier would 
mean rescheduling individual jobs for the various machines; 
the latter would mean that the air compressor is switched to a 
stop-and-go operating state storing enough air in a storage 
tank to shut down for a certain time. 
The ecology of these approaches could be maximised, if a 
cogeneration unit fuelled with biogas (or similar) was used. 
However, in an actual factory this would have to be evaluated 
from an economic perspective. 
4. Conclusion and Outlook 
Striving for greater sustainability, the European Union has 
passed legislation to improve its environmental footprint. The 
increase of the share of energy procured from renewable 
energy sources is a core pillar of this aspiration. This change, 
however, increases the volatility in the electricity grids which 
manufacturers will have to deal with. This paper presents a 
concept which helps factory planners and managers to cope 
with the challenges posed by the increasing reliance on 
renewable energy generation. Resource Networks are used to 
break down complex problems associated with these 
challenges into smaller, manageable problems. This concept 
allows manufacturers to attain a symbiosis of renewable 
energy applications, efficient technology, and innovative 
production organisation. It makes use of substitute models to 
describe the most important features of equipment and 
facilities and to provide flexibility on different levels of a 
factory. An exemplary application in Fraunhofer IWU’s 
E³-Research Factory has been discussed. 
The research on Resource Networks is still in an early 
stage. Hence, many details still have to be developed. The 
next steps will include the formal description of all necessary 
substitute models and the formulation of rules for both factory 
planning and production control tasks. Furthermore, 
application scenarios in the REEMAIN demonstration sites 
are going to be developed. 
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